ABSTRACT Organic-inorganic hybrid perovskites are ideal materials for photodetection owing to their high charge carrier mobility, long charge carrier diffusion length, low dark current density and sharp absorption edge. However, a relatively small band gap (1.6 eV) limits their photonharvesting efficiency in the near-infrared region. In the present work, we demonstrate a hybrid methylamine iodide and Pb-Sn binary perovskite as the light absorption layer in photodetectors. Experimentally, the wavelength of photoresponse onset for the photodetectors can be extended to as great as 1,000 nm when the Sn content of the hybrid perovskite is increased to 30 mol%. In addition, the photodetectors exhibit a photoresponsivity of 0.39 A W −1 , a specific detectivity of 7×10 12 Jones, a fast photoresponse with rise and decay time constants and an external quantum efficiency greater than 50% in the wavelength range of 350-900 nm, with a maximum value of about 80% at 550 nm.
INTRODUCTION
Organic-inorganic hybrid perovskites have been considered to be one of the most promising materials for solar energy harvesting and other optoelectronic devices due to long excitation diffusion length, high charge carrier mobility, direct band gap and large absorption coefficient [1] [2] [3] [4] [5] . In fact, the power conversion efficiency (PCE) of these materials has increased over the past nine years from 3.8% to the current record of 22.1% [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition to organic-inorganic hybrid perovskites, some all-inorganic perovskites also attracted the attention of researchers [15, 16] .
A broad community of researchers also paid attention to perovskite photodetectors [17] . Yang et al. [18] were the first to demonstrate an organic-inorganic hybrid perovskite photodetectors with an inverted device configuration in 2014. Interestingly, the inverted conjugated polymer (poly [(9,9-bis(3'-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)], PFN) provided an additional electric field that prevented hole injection and suppressed the dark current density. The resulting specific detectivity (D * ) approached 10 14 Jones.
Huang et al. [19] also reported a device interface engineering, where, after replacing the conductive polymer composed of poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrenesulfonate) (PSS), denoted as PEDOT:PSS, with N4,N4'-bis (4-(6-((3-ethyl- oxetan-3-yl)methoxy)hexyl)phenyl)-N4,N4'-diphenylbiphenyl-4,4'-diamine (OTPD), the highly sensitive photodetector device demonstrated a high average external quantum efficiency (EQE) approaching 90%, a large linear dynamic range (LDR) of 94 dB, and a short response time of 120 ns. Analogously, Paul et al. [20] optimized the thickness of the transport layer in the photodetector based on an organic-inorganic hybrid perovskite light absorption layer to achieve low noise, infrared (IR)-blind visibility and high D * . For all the above discussed photodetectors, the light absorption layer was composed of CH 3 NH 3 PbI 3 (or CH 3 NH 3 PbI 3−x Cl x ). However, due to the small band gap (1.6 eV) [21, 22] , these devices provided a photoresponse onset at about 800 nm, which hindered the efficient harvesting of photons in the near-IR (NIR) region. Therefore, the key to further enhance the performance of organic-inorganic hybrid perovskite photodetectors is to broaden the photoresponse into the NIR region. Although a photoresponse up to 950 nm was reported using polymer-perovskite hybrid thin films as the light absorber in our recent work [23] , these photodetectors yielded only an EQE of~60% in the visible region of the spectrum, which is less than most organic-inorganic hybrid perovskite photodetectors. Recently, Fan et al. [24] reported lead-free perovskite photodetectors with drastically improved stability, but they showed a detectivity lower than 10 11 Jones.
The present study aims to resolve this deficiency in our previous work by a hybrid CH 3 NH 3 I and Pb-Sn binary perovskite with a layered structure composed of indium tin oxide (ITO), PEDOT:PSS, CH 3 NH 3 Pb 1−x Sn x I 3 , C 60 and Al layers, which serves as the front contact, hole extraction, light absorption layer, electron extraction and back contact, respectively. The hybrid perovskite thin films were formed by the deposition of a mixture of tin iodide (SnI 2 ) with a molar content defined by x and lead iodide (PbI 2 ) with a molar content defined by 1−x, followed by the deposition of CH 3 NH 3 I [25] . The hybrid perovskite photodetector with a Sn content of 30 mol% (i.e., x=0.3) provided the best photon harvesting performance with a NIR photoresponse of 1,000 nm.
EXPERIMENTAL SECTION
CH 3 NH 3 I was synthesized via the reaction of 24 mL methylamine (33 wt.% in ethanol; Aldrich) and 10 mL hydroiodic acid (57 wt.% in water; Aladdin) in 100 mL ethanol in an ice bath for 2 h with stirring [26] . The precipitate was collected using a rotary evaporator at 50°C to remove the solvent, and the product was recrystallized from ethanol. The crystals were filtered and washed three times with diethyl ether, and the solid was dried at 60°C in a vacuum oven overnight. All other materials were purchased from commercial sources.
All photodetectors were fabricated on commercial ITO patterned glass electrode substrates. As illustrated in Fig. 1 , PEDOT:PSS (Clevios™ P VP Al 4083, Heraeus) was spin-coated on the ITO at 5,000 rpm for 55 s and cured in a furnace at 120°C for 20 min in air. CH 3 NH 3 Pb 1−x Sn x I 3 layers in our photodetector devices were prepared by the interdiffusion of PbI 2 and SnI 2 induced by thermal annealing [24] . Briefly, a mixture of PbI 2 and SnI 2 was deposited by spin coating on the PEDOT:PSS surface using a ([PbI 2 ] 1−x +[SnI 2 ] x ) and N,N-dimethylformamide (DMF) solution. The perovskite composition depended on x of 0, 0.15, 0.3, 0.5 and 1.0. A CH 3 NH 3 I layer was spin-coated on the top of the PbI 2 and SnI 2 film, followed by annealing at 110°C for 45 min [25] . Then, a 50 nm C 60 layer was evaporated on the CH 3 NH 3 Pb 1−x Sn x I 3 layer surface at a rate of 0.05 nm s −1
. Finally, a 100 nm Al layer was deposited by thermal evaporation on the C 60 surface. The area of these devices is 0.08 cm 2 . Fig. 2a shows the crystal structure of the hybrid CH 3 NH 3 Pb 1−x Sn x I 3 perovskite, where the red spheres (A), blue spheres (X) and green spheres (B) are CH 3 NH 3 groups, I and Pb or Sn, respectively. Theoretically, the stability of this hybrid perovskite structure can be evaluated according to a tolerance factor α, defined as follows [27] : α=(r A +r X )/(2 1/2 (r B +r X )) (1), where r A , r B and r X are the atomic radii of A, B and X, respectively. For a stable hybrid perovskite structure, α should be between 0.813 and 1.107 [28] . We can calculate α for a hybrid PbSn binary perovskite according to standard atomic radii, A second layer consisting of CH 3 NH 3 I (red) was spin-coated on the top of the PbI 2 and SnI 2 film, followed by annealing. CH 3 NH 3 Pb 1−x Sn x I 3 layer was painted black. Then, C 60 and Al layer were deposited by thermal evaporation. More details were shown in experimental process.
RESULTS AND DISCUSSION
and plot the results according to x (Fig. 2b) Fig. 3a . The primary XRD peaks obtained for all of these hybrid perovskites are found at about 14°and 28°, which are ascribed to (110) and (220) lattice planes, respectively, and lead to a tetragonal crystal structure [29] . In the optical absorption spectra (Fig. 3b) , the electronic absorption edges of these perovskite thin films present an obvious shift to higher wavelengths (i.e., a red-shift) with increasing x. We also note that the optical absorption of the CH 3 NH 3 PbI 3 film decreases rapidly around 780 nm, while the absorption edges of all other films decrease gradually in a long-tailed fashion. After Sn was added into Pb-based perovskite, the bandgap of perovskite will be shortened. Hence, perovskite thin films demonstrated narrowing optical absorption bands with the increase of Sn (Fig. 3c) . These results indicate that Sn is helpful for broadening the hybrid perovskite photoresponse.
In Fig. 4 , the surface morphologies of CH 3 NH 3 PbI 3 , CH 3 NH 3 Pb 0.85 Sn 0.15 I 3 , and CH 3 NH 3 Pb 0.7 Sn 0.3 I 3 are very similar, while CH 3 NH 3 Pb 0.5 Sn 0.5 I 3 and CH 3 NH 3 SnI 3 exhibit obvious pinholes. As found in many reports, it may be due to the rapid crystallization of Sn-based perovskite making it difficult to fabricate compact and uniform perovskite films [30] .
The device structure used in this study is shown in Fig. 5a . Fig. 5b presents typical EQE spectra under a short circuit condition for all hybrid perovskite photodetectors. In the case of x=0, the EQE exhibits a high peak value (~85%) in the visible light region and a photoresponse onset at~800 nm due to its band gap of 1.6 eV, leading to a wide spectral range in the NIR region that remains unused and thus hindering the efficient photon harvesting of the photodetector. However, with increasing x from 0 to 0.3, the EQE decreases only slightly below 800 nm, while the spectra exhibit obvious red-shifts to wavelengths greater than 800 nm. Here, the photoresponse onset with x=0.15 is~900 nm, while that with x=0.3 is~1,000 nm. However, with x=0.5, although the photoresponse onset exceeds 1,000 nm, the EQE in the visible light region is strongly attenuated compared with devices with lower Sn content. Moreover, the photodetector employing the CH 3 NH 3 SnI 3 hybrid perovskite thin film with all Pb replaced by Sn exhibits no photoresponse [31] . This indicates that the Sn content affects the wavelength range of the photoresponse of the hybrid perovskite photodetectors, and implies that, if the Sn content is not too high, the photoresponse can be broadened. In addition, we measured the monochromatic NIR photoresponse of the two photodetector devices with x=0.15 and 0.3 as a function of bias voltage (Fig. 5c) . Here, we note that, at 900 nm, the EQE of the photodetector with x=0.3 is about 50% greater than that with x=0. 15 . If the optical wavelength is shifted to 950 nm, the EQE of the photodetector with x=0.3 is greater than 10%, while that with x=0.15 is close to 0. Accordingly, we focus on the photodetectors with x=0 and 0.3 in the following analyses.
The photoresponsivity (R) is the ratio of the photocurrent density (J ph ) obtained by a photodetector to the incident light intensity (L light ), and can be given as a function of EQE as follows [32, 33] : R=J ph /L light =EQE·q/hν (2), where q is the electron charge (1.6×10 −19 C), h is Planck's constant and ν is the frequency of the incident light. As such, R is a good indicator of the efficiency with which photodetectors respond to optical signals. In Fig. 5d , we observe that the two photoresponse curves match well with the EQE spectra of the two photodetectors, with only slight differences in the visible light region. The R for the photodetector with x=0 decreases in the spectral region of 390-800 nm, while the R, with x=0.3, extends up to 1,000 nm. In the visible light region, the maximal R for the photodetectors with x=0 and 0.3 are 0.41 A W −1 (at 610 or 780 nm) and 0.39 A W −1 (at 680 nm), respectively. In the NIR spectral region of 800-1,000 nm, the R for the photodetector with x=0.3 presents another peak value of 0.35 A W −1 (at 890 nm).
The R for the photodetectors with x=0.15 and 0.5 are shown in Fig. S1 . Fig. 6a presents the dark current density (J d ) of the photodetectors with x=0 and 0.3 and the results of devices with x=0.15 and 0.5 are also shown in Fig. S2 . Here, we find that the two hybrid perovskite photodetectors (x=0 and 0.3) demonstrate a good rectification ratio (±1 V). The J d for the photodetector with x=0.3 is slightly less than that with x=0.
If, as expected, the short noise comes mainly from J d [34] In addition, we note that the photodetector with x=0.3 presents another peak of D * of 6×10 12 Jones in the NIR region (890 nm), which exhibits a similar trend as that observed for R. In addition, the values of devices with x=0.15 and 0.5 are also shown in Fig. S3 . Generally, the photoresponse time strongly depends on charge transport and collection. As discussed previously [23] , the photoresponse time is defined as the time required for the photocurrent output of a photodetector from 10% to 90% of the saturated signal. Similarly, the recovery time is defined as the time required for the photocurrent output of a photodetector from 90% to 10% of the saturated signal. Normalized transient photocurrents in Fig. 7 , for the photoresponse and recovery times of the photodetectors with x=0 and 0.3, clearly indicate that the photodetector with x=0 exhibits a shorter response time than that with x=0.3. However, we note that, in an actual application, the pixel size would be smaller and the response time would be expected to be much shorter [14] . The calculated bandwidths of the photodetectors fabricated with x=0 and 0.3 are also shown in Fig. S4 . The slower response and greater bandwidth of the device with x=0.3 indicate that, although Sn can broaden the spectral response, it also indeed reduces the speed of charge transport in hybrid perovskite thin films. Moreover, we also observed the attenuation of Sn-based perovskite is faster than Pb-based perovskite, possibly due to the oxide of Sn surface in air. All above results demonstrate Sn is an ideal material to replace Pb to fabricate higher performance perovskite photodetectors. However, further research is required to improve the performance and stability of Sn-based photodetectors in the near future.
CONCLUSION
We have successfully fabricated high-performance solution-processed CH 3 NH 3 Pb 0.7 Sn 0.3 I 3 photodetectors by partially replacing Pb with Sn. The resulting photodetectors exhibit a photoresponse onset up to 1,000 nm, a maximal EQE of approximately 80%, a maximal D * greater than 7×10 12 Jones, and a dark current density as small as a few nA cm −2 , which are comparable to or better than those obtained for hybrid Pb-based perovskite photodetectors. This indicates that, with further optimization, hybrid Sn-based perovskites may replace hybrid Pb-based perovskites for fabricating high-performance photodetectors with wide spectral response in the future. 
